The electrode is an important part of cochlear implant system because it affects the current spread and the response of the auditory nerves. In this paper, a new electrode-tissue interface model is coupled with a 3D cochlea and electrode model to simulate the condition of the electrodes in human cochlea is proposed. The effect of incorporating the electrode-tissue interface in a cochlea and the response of the auditory nerves is discussed. Three models are studied, a model of electrode without interface, a model of electrode incorporating the interface effect through an equivalent circuit, and a new model of electrode incorporating a thin layer between the electrode and the scala typmani. The three electrode models were studied using activating functions. Significant different results were found for electrodes with or without taking interface into account. The model results for the electrode model taking into account of the interface effect using an equivalent circuit and a thin interface layer are almost identical.
I. INTRODUCTION

D
YMOND [1] studied the characteristics of the metal-tissue interface of stimulation electrodes in 1976. The metal-tissue interface was divided into three adjacent microregions (metal, charge in inner layer, and the charge in diffuse layer). An equivalent circuit of the electrode interface was derived from the physical structure and mechanism as given in Fig. 1 . The interfacial impedance of the electrode is a faradaic impedance and a double layer capacitance which is in parallel with a faradaic impedance . is the charge-transfer resistance.
is the diffusional impedance. is the reaction impedance. Hui et al. [2] utilized the bipolar electrode pairs that were implanted in a cochlea and biphasic current pulse to estimate the impedance of the electrode interface. They used different current density (100-1000 A/m ) to measure the values of and . They discovered that there is no consistent variation in the stimulation current with , but and are dependent on the current. Tykocinski et al. [3] studied the chronic electrical stimulation of the auditory nerves. They used the same current stimulus (0.5 mA, 50 s/phase charge-balanced biphasic current pulses) to compute the access resistance, and the polarization impedance . While the electrode-tissue interface was studied [1] - [3] , it has never been studied in conjunction with any finite element model. The primary aim of this paper is to propose a new tissue-electrode model which includes a thin layer between the electrode and the scala tympani to incorporate the effect of the electrode-tissue interface to our cochlear implant computer model and improve the accuracy of the analysis of the electrically stimulated cochlea. Since the Scala Tympani is mainly conductive and not capacitive, a complex permittivity is not required in that region [4] . The result generated from this new model will be compared with the result from the electrode model without taking into account of the interface and an equivalent circuits model to represent the effect of the interface [2] , [3] . The secondary goal of this paper is to compare the three models in terms of activating function to find out how do the electrodes with or without interface affects the excitation pattern of the auditory nerves.
II. THEORY AND METHOD
The definitions of interfacial layer and electrode are shown in Fig. 2 . Since the size of the real interfacial layer is too thin to implement in the cochlear models, a more manageable thickness of 0.05mm is used in all three cases. In Fig. 2(a) , the capacitance of a planar electrode with an interfacial layer is calculated from (1) where is capacitance (F), is complex permittivity, A represents cross section area of the electrode (m ), and d is the distance between the two electrodes (m). electrode is half of the value of the banded electrode, but its resistance value is twice that of the banded electrode. An equivalent circuit [3] , based on Ohm's law, is used to compute the access resistance, , the resistance between two electrodes in our cochlea model (Fig. 3) . In this paper, the monopolar configuration (the active electrode is within the cochlea and the return electrode is external to the cochlea) is modeled to simulate the change of the potential in time when the interface model is added to the electrodes. In the proposed scheme, the finite element method is applied to simulate the access resistance and polarization impedance ( ), adopting the polarization impedance data from [2] . In the circuit approach to model the electrode-tissue interface effect, with an input as shown in Fig. 4 , the cochlea equivalent circuit and the electrode-tissue interface circuit ( ) were modeled with SPICE and compared with the circuit model without the interface ( ) in Fig. 5 . Fig. 5 shows a significant distortion of the electrical potential with the electrode-tissue interface circuit. As a result, it should generate a significant change in the neural excitation pattern [5] - [7] with the interface incorporated. Since it is difficult to study the neural excitation pattern using the circuit approach only, the proposed interface scheme should improve the modeling accuracy of the finite element model of the cochlea prosthesis system [5] - [7] .
III. RESULT , were studied by incorporating their resistivities [6] . Three electrode models were studied: the first electrode model does not take into account of any interface effect; the second electrode model takes into account of the effect of the interface by an equivalent circuits (Fig. 1) ; the third model incorporates a thin layer between the electrode and the scala tympani. The layer is 0.5 mm thick and a complex permittivity is imposed in the layer. The complex permittivity is based on a of 5 k and of 10 nF [2] calculated using Ohm's law and simple capacitor equations (Table I ). The inputs of all three cases are a constant current at mA as shown in Figs. 1 and 4. An activating function [5] is used to obtain an impression of the excitation pattern of the electrical stimulation. AF can be computed from the nerve fiber nodes given in Fig. 6 .
The results of the first model which does not take into account of the interfacial effect are shown in Figs. 7 and 8. The peak activation function (AF) in the AF contour [5] is a measure of how likely is the auditory nerve fibers would be excited by the electrode for a given power input. The higher of the AF value is the meaning likely the auditory nerves being excited [5] . Fig.  7(a) shows a peak absolute AF value of v/mm for planar electrode. Fig. 7(b) shows the peak absolute AF value of v/mm for half banded electrodes. Banded electrode generates absolute peak AF value of v/mm in Fig. 8(a) . Fig. 8(b) shows the absolute peak value of AF of v/mm for ball electrodes. Fig. 7 to 8 show the planar electrode stimulates more efficiently than the other three electrodes, which is consistent with the published results [7] . The second model incorporates the effect of the interface by an equivalent circuit [2] , [3] The used is equal to 5 k and used is 10 nF [2] . The serial resistance ( ) used is calculated from the finite element model (Fig. 2) . The value for the planar electrodes is 5658.37 , the value of half banded electrodes is 5556.66 , the value of banded electrodes is 5504.46 . Since it is not possible to generate an AF contour for this case, we will compare the potential across the electrode ( in Fig. 1 ) with the next model later.
Next, we consider the third method, which is a new method proposes in this paper. We used the same Ra,
, and values of the interface, but realized not through a circuit as in the second method, but in a thin layer with a complex permittivity. By imposing the complex permittivity values in the interface layer geometrically located between the electrodes and the scala tympani, it is possible to generate the effect of a tissue-electrode interface. Fig. 9 shows a comparison of potential between the electrodes for case two, which is in Fig. 1 , with the potential between the electrodes in the third case, which uses a time domain finite element method to solve the Possion's equation. The results show that they are almost identical to each other, which validate the proposed thin layer approach to model the tissue-electrode interface. Next, we Table I shows that the proposed thin layer complex parameter approach matches the parameters from the equivalent circuit approach quite nicely. It also shows that the AF contour changes significantly with or without the interface.
IV. CONCLUSION
This paper presents a new method of incorporating the electrode-tissue interface in the finite element model. The resultant time domain potential plot shows that they are essentially the same as the equivalent circuit model published previously. This method allows more flexibility in the design because it took the circuit out of the model. This paper also presents a comparison of the neural excitation pattern of four electrode models with or without taking into account of the electrode-tissue interface effect. With the interfaces, the electrodes are more likely to excite the auditory nerve fibers at higher frequency.
